Background. Imaging of the flow convergence region (FCR) proximal to a regurgitant orifice has been shown to provide a method for quantifying the regurgitant flow rate. According to the continuity principle, the FCR is constituted by concentric hemispheric isovelocity surfaces centered at the orifice. The flow rate is constant across all isovelocity surfaces and equals the flow rate through the orifice. For any isovelocity surface the flow rate (Q) is given by: Q=2n-r2 Vr, where 2wrr2 is the area of the hemisphere and Vr is the velocity at the radial distance (r) from the orifice.
titative assessment of mitral regurgitation.'-5 However, the spatial distribution of the jet area is related not only to the regurgitant volume but also to other fluid dynamic factors, such as pressure gradient between the chambers, orifice size, and fluid entrainment by the jet.6-'3 In addition, appearance of the jet area is dependent on instrumentation factors.'4 As a consequence, the ability of this method to represent the regurgitant flow rather than just a semiquantitative estimate is still questioned. '4-'6 Sahn et al '7 recently demonstrated that a flow convergence region (FCR), where the flow stream narrows and accelerates proximal to stenotic orifices, can be identified by color flow Doppler. In a prelim-inary report, we have shownl8 that a FCR can be detected proximal to regurgitant orifices in vitro and that the regurgitant flow rate can be calculated using color Doppler measurements of the FCR. According to the continuity principle,19,20 the regurgitant flow rate can be calculated by multiplying the hemispheric surface area of the FCR by the velocity that characterizes the hemispheric surface. These results have been confirmed in vitro in both steady flow and pulsatile flow models. [21] [22] [23] [24] [25] [26] [27] In addition, Rodriguez et a126 recently demonstrated that the FCR principles provide an estimate of regurgitant flow rate in vivo in a canine model. The purpose of the present study was to establish whether the application of the continuity principle to the color flow Doppler imaged FCR, proximal to the regurgitant orifice, allowed a quantitative estimate of the severity of mitral regurgitation and an opportunity to evaluate how often a FCR could be imaged in a clinical study in adult patients with mitral regurgitation.
Methods

Study Patients
The study population consisted of 52 consecutive patients with mitral regurgitation (36 men and 16 women; mean age, 49 years; range, 21-66 years) verified by left ventricular angiography. Thirty-five patients had isolated mitral regurgitation and 17 had combined mitral regurgitation and mitral stenosis; 13 patients had associated aortic regurgitation, one had aortic stenosis, and five had severe tricuspid regurgitation. Thirty-nine patients were in normal sinus rhythm, and 13 were in atrial fibrillation. The etiology of the regurgitation included rheumatic heart disease in 18 patients, ischemic heart disease in 18, dilated congestive cardiomyopathy in seven, flail mitral valve leaflet in six, and prosthetic valve malfunction in three.
Doppler Examination
Color flow Doppler examination was performed in all patients within 24 hours of cardiac catheterization with a commercially available system (Toshiba SSH65, Toshiba Corp., Tokyo, Japan) operating with a 2.5 -MHz transducer. Imaging was performed in the parasternal and apical views, using a 450 color sector and a 4-KHz pulse repetition frequency. Each patient was examined while in a lateral recumbent position. With this system, flow directed toward the transducer was red and flow away from it was blue. Velocity of flow is represented by the brightness of the colors and is measurable unambiguously up to 75 cm/sec at the pulse repetition frequency of 4 KHz; if the velocity is higher, color reversal occurs in the color display. In this equipment, the point of first aliasing can be altered by zero-shifting the velocity limit for flow away from the transducer to 56, 38, and 19 cm/sec while still operating at 4 KHz.
The presence of mitral regurgitation on color Doppler was suggested by a FCR proximal to the regurgitant orifice and/or a variance-encoded jet area FCR 0 JET AREA Q1 = 2nr'.Vr = 02 FIGURE 1. Diagram offlow field of a jet. Continuity principle states that flow rate across any isovelocity surface in flow convergence region (FCR) (Q) equals flow rate through the orifice (Q2) (see text for details). r, radius of the hemispheric surface characterized by the velocity (Vr).
imaged within the left atrium. The FCR is represented as a homogeneous blue flow pattern (flow directed away from the transducer) of increasing brightness on the left ventricular side of the mitral valve, with a central zone of aliasing immediately proximal to the orifice. When the FCR was identified, the transducer position was carefully adjusted and tilted until the extension of the region was maximized. Care was taken to visualize the FCR along with the origin of the variance-encoded jet. Color gains were set at a level just below that which resulted in minimal background noise. All images were recorded on U-Matic Sony VO-5800PS (Sony Corp., Tokyo, Japan) or VHS Panasonic AG-6200 (Matsushita Electric Corp., Osaka, Japan) videotape.
Theory of Flow Rate Estimation and Data Analysis
The FCR proximal to a circular restrictive orifice in a flat planar surface is a laminar flow field constituted by radially converging streamlines toward the orifice, associated with a family of concentric, hemispheric isovelocity surfaces of decreasing area and exponentially increasing velocity. Flow velocities increase as the streamlines converge; if the flow is symmetrically disposed around an axis normal to the orifice, all velocities will be equal at the same radial distance from the orifice. According to the continuity principle, the flow rate is constant across all isovelocity surfaces (Q1) and will be equal to the flow rate through the orifice (Q2)'9'20 ( Figure 1 ). Q1 is given by the equation:
Q1=2wr2 Vr (1) where Vr is the velocity at the radial distance (r) from the orifice. This formula will be valid for both time-steady flow and every instant during pulsatile flow. This method for calculating the instantaneous flow rate can be applied to the setting of a mitral regurgitant orifice if we conceptualize the regurgitant orifice as small enough to make its shape unimportant considering the size of the FCR. In addition, the left ventricular chamber is considered large enough to allow full expansion of the FCR without significant alterations in its symmetric characteristics.
Because with color Doppler flow mapping the first aliasing limit represents an easily identifiable and reproducible border, it was used to define Vr in the present study. Because the flow was imaged going away from the transducer, the first velocity aliasing was depicted as the wraparound from blue color to yellowred. The radial distance (r) increased exponentially as the first aliasing limit was decreased by zero-shifting the velocity cutoff (Figure 2 ). For the present study, we elected to reduce the first aliasing limit to 38 cm/sec to increase the distance between the first alias and the regurgitant orifice. The FCR radius was measured from the first aliasing limit to the ventricular edge of the mitral leaflets nearest to the regurgitant orifice, in a direction parallel to the direction of the transducer (Figure 3 ). The maximal instantaneous regurgitant flow rate by Doppler was estimated using Equation 1. The maximal turbulent jet area was also measured, including the signal represented in the blue color or mosaic pattern within the left atrium.
Frame-by-frame videotape review of Doppler images was performed in all patients. All measurements were performed with a computer-assisted planimeter using a trackball for tracing and are presented as the average of the maximal values for at least five cardiac beats for both jet area and FCR radius. Reproducibility for the estimation of the FCR radius only was evaluated in 18 randomly selected patients. To assess intraobserver variability, one investigator measured the same five cardiac cycles in each patient (1 month apart), while interobserver variability was examined by having two investigators measure the same five cardiac cycles in each patient. All observers were blinded to each other's result as well as the results of cardiac catheterization.
Cardiac Catheterization
Cardiac catheterization was carried out after each patient gave informed written consent. Premedication consisted of 10 mg diazepam given orally 1 hour before the procedure. Catheters were inserted through a right median antecubital or femoral percutaneous route. In all cases, left ventricular angiography was performed in a 30°right anterior oblique projection with the injection of 40-50 ml Urografin 76 at 15 ml/sec. Severity of regurgitation was graded according to the classification of Sellers et a128: 1+, mild; 2+, moderate; 3+, moderate to severe; and 4+, severe. The angiograms were interpreted by consensus of two observers who were blinded to the results of the color Doppler examination. Right heart catheterization was performed in 29 patients. Cardiac output was measured by the Fick technique in 23 patients and by thermodilution in six patients. Mitral regurgitant volume could be calculated in 15 of the patients who were in normal sinus rhythm without associated valvular regurgitations as the difference between angiographic and Fick or thermodilution left ventricular stroke volumes.29 is clearly visible proximal to regurgitant onfice. Zero-line (arrowhead) isprogressively shifted to decreasefirst aliasing limit. between the color Doppler results and the left ventricular angiographic degree of mitral regurgitation. The correlation between the regurgitant volume and the maximal instantaneous regurgitant flow rate by Doppler was determined using a linear regression analysis. Comparisons of measurements of heart rate and blood pressure were made with Student's t test for paired samples. The level of statistical significance was defined atcp<c05.
Results
By angiography, 18 patients had mild (1+), 14 had moderate (2+), 11 had moderate to severe (3+), and nine had severe (4+) mitral regurgitation. There were no statistically significant differences in heart rate (p>0.05) or systolic blood pressure (p>0.05) obtained during the noninvasive measurements and at the time of cardiac catheterization.
A FCR was detected in 45 of the 52 patients (86%) with mitral regurgitation. All of the seven subjects without color flow Doppler evidence of a FCR had grade 1 + mitral regurgitation at angiography. A FCR was always detected in the patients with grade 2+ or higher mitral regurgitation. In the great majority of the patients, the best visualization of this region was obtained from the apical approach. FCR radius ranged from 1 to 5 mm (mean, 2.45+1.3 mm) in patients with mild mitral regurgitation, from 2 to 8 mm (mean, 4.9±1.8 mm) in patients with moderate, from 6 to 15 mm (mean, 11+3.6 mm) in patients with moderate to severe, and from 12 to 23 mm (mean, 16.2+3.1 mm) in those with severe mitral regurgitation ( Figure 4A ). The maximal instantaneous regurgitant flow rate, calculated according to Equation 1, ranged from 2 to 59 ml/sec (mean, 18+17 ml/sec) in patients with mild mitral regurgitation, from 9 to 152 ml/sec (mean, 66+46 ml/sec) in patients with moderate, from 85 to 537 ml/sec (mean, 291±153 ml/sec) in patients with moderate to severe, and from 343 to 1,263 ml/sec (mean, 725 +293 ml/sec) in patients with severe mitral regurgitation ( Figure 4B ). When measures of instantaneous regurgitant flow rate were correlated with angiographic grade of mitral regurgitation by the Spearman's method, a correlation coefficient of r5=0.91 (p<0.001) was obtained, with a moderate overlap between groups ( Figure 4A ).
In the 15 patients in whom it was possible to estimate the regurgitant volume at catheterization, a good correlation between hemodynamic data and Doppler-derived maximal instantaneous regurgitant flow rate was observed (r=0.93, SEE=123 ml/sec) ( Figure 5 ). Associated mitral stenosis, aortic regur- gitation, or aortic stenosis did not appear to affect the value of the FCR. The correlation between measurements of the FCR radius for the same observer (r=0.988; SEE=0.74 mm; mean difference, 0.56 mm) and that between observers (r=0.982; SEE=1.04 mm; mean difference, 0.78 mm) was excellent.
A jet area in the left atrium was identified in 49 of the 52 patients. It was not detected in two patients with mild mitral regurgitation and in one patient with severe mitral regurgitation due to prosthetic detachment, possibly because of the flow masking caused by ultrasound shadowing from the valve. A fair correlation between jet area and left ventricular angiographic grade was observed (r,=0.75,p<0.001), with a significant overlap between groups (Figure 6 ). Discussion The results of the present study indicate that the FCR, defined by the first aliasing limit, provides quantitative information that can be helpful in predicting the severity of mitral regurgitation noninvasively.
Jet Area
The spatial distribution of the jet area within the left atrium is not uniquely dependent on the amount of regurgitation. In particular, Bolger et a16 recently demonstrated that in vitro there is a nonlinear relation between the extension of the jet area and the regurgitant flow volume. Recent studies have demonstrated that this region is dependent not only on the regurgitant volume but also on the pressure gradient between the chambers,7-9"1' such that even minimal variations in driving pressure for a given regurgitant volume can significantly affect the extension of the jet area. In addition, fluid entrained by the jet has a significant role in determining the extension of the visualized jet area.12,13 The appearance of the Doppler area is also dependent on instrumentation factors, such as gain setting, pulse repetition frequency, and low-velocity filters. '4 In our study population, only a fair correlation was observed between the jet area and angiographic degree of mitral regurgitation. These results are fairly similar to those reported by other researchers.2'3'5 A more sophisticated and theoretically solid approach to Doppler quantitation of regurgitant volume includes analysis of the conservation of momentum (product of flow rate and velocity) in the regurgitant jet region. This approach appears quite promising, and good results have been recently reported in in vitro studies.30'31 However, the applicability of this method to regurgitant jets in vivo needs further verification. Flow Convergence Region A FCR proximal to the regurgitant orifice was detected by color flow Doppler in 86% of our patients with mitral regurgitation; all of the patients without color Doppler evidence of a FCR had mild regurgitation at left ventricular angiography. In these patients, the FCR was probably so small that it fell under the limits of the spatial resolution of the Doppler equipment.
Imaging of the FCR proximal to the regurgitant orifice has advantages for the assessment of mitral regurgitation. First, it is a laminar flow field relatively close to the transducer and can be imaged in a large proportion of patients by color Doppler flow mapping, if proper instrument set-up is used. Second, unlike the turbulent jet area, the extension of the FCR, outlined by the first aliasing limit, should be independent of machine factors. Utsunomiya et a124 recently demonstrated that gain setting, filters, and pulse repetition frequency do not affect the calculation of the flow rate using the FCR in vitro. Therefore, it seems reasonable to assume that the first aliasing limit will remain constant during minor modification of instrument setting and between instruments. Third, prediction of regurgitant flow rate using FCR is based on fundamental fluid dynamics principles. The continuity principle states that in the presence of a circular orifice, the flow rate is given by the product of the hemispheric surface area of the FCR and the flow velocity that characterizes the hemispheric surface. This should be the case both for time steady flow and during pulsatile flow. In the present study, despite a moderate overlap, mainly between group 1+ and 2+, the regurgitant flow rate correlated well with the angiographic degree of mitral regurgitation. In addition, we correlated the Doppler-derived instantaneous regurgitant flow rate with the catheter-derived regurgitant stroke volume, which is an accepted quantitative parameter of the severity of regurgitation. In the 15 patients in whom it was possible to calculate the regurgitant stroke volume, there was a good correlation between Doppler and catheterization results.
The theoretic assumptions in the present study involve hemispheric symmetry of the isovelocity surface. Mitral regurgitant orifices are infrequently circular discrete orifices, and the symmetry of the isovelocity surface may not be perfectly hemispheric in the presence of irregular orifices. However, Rodriguez et a125 recently demonstrated that the FCR allows reliable calculation of the regurgitant flow rate in vitro even in the presence of noncircular orifices, assuming hemispheric symmetry. We elected to use the 38 cm/sec velocity cutoff to define the boundary of the FCR. This low-velocity limit allows increase of the radial distance (r) of the FCR and thereby minimization of the effects of the shape of the orifice on the symmetry of the FCR. In addition, this can reduce the error in measuring the radius of the FCR. 
ANGIOGRAPHIC GRADE
It is not necessary to define the FCR by means of the first aliasing limit. Alternatively, the FCR can be outlined by the onset of the blue color (minimal detectable flow velocity). A good correlation has been reported between the planar extension of the FCR, defined by the onset of blue color, and the degree of mitral regurgitation.32'33 In addition, it has been shown that the pulsed Doppler finding of an accelerating flow proximal to the mitral valve is consistent with an hemodynamically significant mitral regurgitation. 34 The FCR on color Doppler usually appeared conical in shape rather than hemispheric. This may be in part due to lateral flow dropout because of orientation of the Doppler beam relative to the velocity vectors of the FCR close to the mitral valve. This was not a major problem because the measurements were performed in a direction parallel to the direction of the transducer. FCR radius was measured at a point where the Doppler beam should intersect the stream lines at an angle close to O°; as a consequence, underestimation of the flow velocities and of the FCR radius is unlikely.
Neither heavily calcified mitral leaflets nor the presence of a mitral prosthesis interfered with color Doppler visualization of the FCR; this is not surprising because the FCR can be investigated without the problems raised by the interposition of the mitral valve. Three patients had prosthetic mitral leak, and in all of these patients, the FCR-derived regurgitant flow rate and the location of the FCR suggested wide prosthetic detachment, which was subsequently confirmed at angiography and surgery. In one such patient, a jet area could not be detected in the left atrium, possibly because of the flow-masking effect resulting from the prosthesis. Importantly, in this case, the FCR was the only color Doppler sign of a prosthetic leak.
A potential limitation of color Doppler analysis ofjet area in the left atrium during assessment of mitral regurgitation is the direction of the jet itself. Eccentricity of jets can lead to underestimation of the degree of regurgitation as a result of the mitral regurgitant jet impinging on the left atrial walls. 35, 36 Because the FCR is located in the high pressure chamber upstream from the orifice, it appears to be independent of the direction of the jet, even in the presence of a high degree of eccentricity. In three patients with severe mitral regurgitation and eccentric jet, jet area significantly underestimated the degree of regurgitation, whereas the FCR accurately predicted the degree of regurgitation in these patients.
Limitations
The use and limitations of any new method must be determined against standards of established accuracy. Unfortunately, the accuracy of the hemodynamically determined regurgitant volume is influenced by alterations in left ventricular chamber geometry, dysfunctions of other valves, and atrial fibrillation. In the present study, the regurgitant stroke volume could be estimated in only 15 underwent right heart catheterization. Despite its various limitations, left ventricular angiography is still the most often used method of assessing the degree of mitral regurgitation for both clinical and research purposes.
In the present study, as well as in most other studies involving color Doppler assessment of mitral regurgitation,1-5 grading was based on single systolic still-frame showing a maximum event; however, it has been shown that the size of the regurgitant jet area is subject to marked temporal variability during the regurgitant period.37 It is not surprising that the extension of the FCR can change during systole ( Figure 7) ; therefore, instantaneous color Doppler imaging may not always provide an accurate representation of the size of the FCR. This observation may account for some discrepancies between the Doppler and angiographic data. In some cases, we obtained extremely high values of instantaneous regurgitant flow rate, which can be explained by the fact that we measured the maximal radius of the FCR. Total regurgitant volume might be calculated by integrating the instantaneous flow rate over time. This might be accomplished using the color Doppler M-mode tracings of the first aliasing limit proximal to the regurgitant orifice. However, because of the translational movements of the heart, it might be difficult to obtain accurate measurements of a single radius throughout systole. Further studies are needed to verify the feasibility of this method.
In conclusion, color Doppler flow mapping provides important velocity information about the proximal FCR in patients with mitral regurgitation, permitting direct determination of the maximal instantaneous regurgitant flow rate. The Doppler-derived regurgitant flow rate allows quantitative assessment of the severity of regurgitation and represents a reliable and less instrument-dependent alternative to presently used color flow Doppler methods.
